We investigate radial gradients in the recent star formation history (SFH) of low-redshift galaxies using a large sample of 1917 galaxies with 0.01 < z < 0.14 and integral-field spectroscopy from the ongoing Mapping Nearby Galaxies at Apache Point Observatory (MaNGA) survey. For each galaxy, we obtain two-dimensional maps and radial profiles for three spectroscopically-measured parameters that are sensitive to the recent SFH: D n (4000) (the 4000Å break), EW(Hδ A ) (equivalent width of the Hδ absorption line), and EW(Hα) (equivalent width of the Hα emission line). We find the majority of the spaxels in these galaxies are consistent with models with continuously declining star formation rate, indicating that starbursts occur rarely in local galaxies with regular morphologies. We classify the galaxies into three classes: fully star-forming (SF), partly quenched (PQ) and totally quenched (TQ), according to the fraction of quenched area within 1.5 times the effective radius, f Q (1.5R e ). We find that galaxies less massive than a stellar mass of 10 10 M ⊙ present at most weak radial gradients in all the diagnostic parameters. In contrast, massive galaxies with stellar mass above 10
The fraction of red, quiescent galaxies in the universe has gradually, but significantly increased since z ∼ 1 (e.g. Bell et al. 2004; Bundy et al. 2006; Faber et al. 2007) , implying that the population of blue, star-forming galaxies at high redshift have largely evolved to the presentday red population. The cessation of star formation is thus a driving process for galaxy evolution over the past ∼ 8 Gyr. A complete picture of the way in which star formation gets shut down remains elusive, however, although extensive studies have been carried out in the past decades, both observational and theoretical. These studies have proposed and examined a variety of physical processes, finding both external environment and the internal structural properties to play important roles in star formation cessation in galaxies.
For central galaxies located at the center of massive dark halos with halo mass exceeding a critical mass of ∼ 10 12 M ⊙ , shock heating may effectively suppress the gas cooling efficiency, thus preventing further star formation in massive central galaxies (e.g. Rees & Ostriker 1977; Silk 1977; Blumenthal et al. 1984; Birnboim & Dekel 2003; Kereš et al. 2005; Dekel & Birnboim 2006; Cattaneo et al. 2006) . In this case, accretion of the hot halo gas onto the central super-massive black hole in central galaxies is expected to trigger "radio-mode" active galactic nucleus (AGN) feedback, commonly adopted as one of the quenching 14 processes in semi-analytic models (e.g. Croton et al. 2006) .
For centrals hosted by less massive halos, processes internal to the systems are more important. Observational studies have clearly established that a massive dense structure at galactic center (such as, a prominent bulge) is presented in the majority of quenched central galaxies, at both low and high redshifts (Bell 2008; Bundy et al. 2010; Masters et al. 2010; Bell et al. 2012; Cheung et al. 2012; Fang et al. 2013; Bluck et al. 2014; Barro et al. 2017 ). This finding was initially interpreted as observational evidence for AGN feedback quenching star formation in central galaxies (e.g. Bell 2008) , and later on also thought of as a natural consequence of the "morphology quenching" picture in which a massive central object is able to stabilize the rotating disc against star formation (e.g. Martig et al. 2009 ).
In contrast, star formation cessation in satellite galaxies appears to be primarily driven by external processes occurring within or around the host groups. These processes include gas stripping by tidal interactions (Toomre & Toomre 1972; Moore et al. 1996) and ram pressure (Gunn & Gott 1972; Abadi et al. 1999; Vogt et al. 2004; Chung et al. 2009; Merluzzi et al. 2013) , galaxy mergers (e.g. Lin et al. 2014) , and more gentle processes such as "starvation" or "strangulation" (e.g. Balogh et al. 2000; Weinmann et al. 2009; Peng et al. 2015) . The importance and strength of these environmental effects depend on a variety of factors: dark matter mass of the host halos, cluster-centric radius of galaxy locations, galaxy stellar mass, and particularly the structural parameters of galaxies (e.g. surface stellar mass density; Li et al. 2012; Zhang et al. 2013) .
Therefore, in order to have a full understanding of star formation cessation in galaxies, one would need spatially resolved spectroscopy to measure the stellar and gaseous components for a large sample of galaxies covering wide ranges in global properties (e.g. stellar mass, color, star formation rate, morphology, nuclear activity, etc.), and probing environmental conditions over a wide range of spatial scales (tidal interactions/mergers, central/satellite classification, local density, dark halo mass, halo assembly history, large-scale structure configuration, etc.). Resolved spectroscopy has become available only recently thanks to the integral field unit (IFU) surveys accomplished in the past decade: SAURON (Bacon et al. 2001; de Zeeuw et al. 2002) , DiskMass (Bershady et al. 2010) , ATLAS 3D (Cappellari et al. 2011) , CALIFA (Sánchez et al. 2012) , VENGA (Blanc et al. 2013) , SLUGGS (Brodie et al. 2014) and MASSIVE (Ma et al. 2014) .
These IFU surveys have typically targeted tens or hundreds of local galaxies with different morphological types, enabling detailed studies of the spatially resolved stellar populations and kinematics of galaxies. Meanwhile, the KMOS 3D survey is extending the IFU efforts to higher redshifts, observing 600 galaxies at 0.7 < z < 2.7 using KMOS at the Very Large Telescope (Wisnioski et al. 2015) .
These IFU surveys have enabled two-dimensional maps of star formation and mass assembly histories to be studied with high accuracy for galaxies in the local universe. For instance, the CALIFA survey has spatially resolved light-weighted stellar age, star formation rate, oxygen abundance and stellar metallicity, and the history of stellar mass assembly for a few hundred galaxies with different morphologies and masses, revealing an insideout growth picture for massive galaxies and a transition to outside-in growth at M * ∼ 10 10 M ⊙ (Pérez et al. 2013; González Delgado et al. 2014; Sánchez-Blázquez et al. 2014; González Delgado et al. 2015 Catalán-Torrecilla et al. 2017) .
Specifically, for massive galaxies, the intensity of SFR is found to decline as one goes from the galactic center outward, suggesting the cessation of star formation happens from inside out.
This inside-out picture of star formation cessation is broadly consistent with previous studies, which have been based on either multi-wavelength broad-band photometry (e.g. de Jong 1996; Abraham et al. 1999; Bell & de Jong 2000; Muñoz-Mateos et al. 2007; Zibetti et al. 2009; Roche et al. 2010; Suh et al. 2010; Tortora et al. 2010; Gonzalez-Perez et al. 2011; Tortora et al. 2011; Szomoru et al. 2012 Szomoru et al. , 2013 Wuyts et al. 2012 Wuyts et al. , 2013 Kauffmann 2015) , or long-slit spectroscopy (e.g. Moran et al. 2012; Huang et al. 2013) .
More recent IFU surveys have started to construct large statistical samples consisting of more than a thousand galaxies at low-z. The SAMI survey (Croom et al. 2012 ) is observing 3400 galaxies using a multiplexed fiber-IFU instrument at the Australian Astronomical Observatory. The Mapping Nearby Galaxies at Apache Point Observatory (MaNGA; Bundy et al. 2015) project is making another big step forward by surveying 10,000 galaxies selected from the SDSS spectroscopic sample. The MaNGA sample spans a wide dynamic range in stellar mass, color, star formation rate and environment. More importantly, MaNGA has effectiveétendue in the near UV (see Bundy et al. 2015 ), allowing precise measurements of spectral indices such as the 4000Å break [D n (4000)] and the equivalent width of Hδ absorption line [Hδ A ], indicative of young stellar populations formed in the past 0.1 − 1 Gyr (Kauffmann et al. 2003) . These stellar indices, together with the Hα emission line equivalent width (EW(Hα)), provide powerful diagnostics of the recent star formation history of given galactic region. MaNGA thus has unique statistical power in studying star formation cessation in galaxies, and a comprehensive picture of the star formation cessation process may be built up by measuring gradients in these diagnostics for the large sample of galaxies from MaNGA. Li et al. (2015) (hereafter Paper I) presented a demonstration of MaNGA's unique potential in studies of star formation cessation, analyzing the radial profiles of D n (4000), EW(Hδ A ) and EW(Hα) for 12 galaxies observed in the MaNGA prototype run (P-MaNGA; see Bundy et al. 2015) . The radial variation in these diagnostics is found to depend strongly on the star formation status of the galactic center: a centrally starforming galaxy generally shows no or very weak radial variation across the whole galaxy, while centrally quiescent galaxies present significant gradients in all the diag-nostics, supporting the "inside-out" picture in which the cessation of star formation propagates from the center of a galaxy outward. In a parallel paper, Wilkinson et al. (2015) derived gradients in stellar age and metallicity by performing full spectral fitting to the P-MaNGA data, finding similar, negative gradients in stellar age in centrally quiescent galaxies. Using a representative sample of 721 galaxies from the MaNGA internal data release, MaNGA Product Launches 4 (MPL4, equivalent to SDSS/DR13; SDSS Collaboration et al. 2016), Goddard et al. (2017) extended the P-MaNGA analysis of Wilkinson et al. (2015) and found that the gradients in stellar age tend to be shallow for both earlytype and late-type galaxies, with on average a positive mass-weighted age gradient (∼0.09 dex/R e ) for earlytype galaxies and a negative light-weighted age gradient (∼ −0.11 dex/R e ) for late-type galaxies.
This paper is the first of a series of papers in which we will extensively study the star formation cessation process in low-redshift galaxies as observed in MaNGA. In this paper, we extend the analysis of Paper I by using a much larger sample of 1917 galaxies from the MaNGA Product Launches 5 (MPL5, equivalent to the SDSS/DR14; Abolfathi et al. 2017) . Following Paper I, we use D n (4000), EW(Hδ A ) and EW(Hα) to trace the star formation history over the last 1-2 Gyr, for each spaxel in the MaNGA datacubes, thus obtaining both two-dimensional maps and one-dimensional radial profiles of the recent SFH diagnostics for the galaxies. When compared to Paper I, both the sample size and the diagnostic parameter measurements are largely improved, enabling us to measure the gradients in recent SFH over a wide dynamic range in galaxy mass, color and structural properties. Based on these measurements, we propose a new quantity, f Q , which is the fraction of quenched area within 1.5R e , to quantify the global status of the star formation in a galaxy. Accordingly, we classify our galaxies into three subsets at different stages in terms of global star formation: fully star-forming (SF), partly quenched (PQ) and totally quenched (TQ). We compare this new classifier with both global colors and D n (4000) at galactic center measured from the SDSS 3 ′′ -fiber spectroscopy, which have been widely adopted for the same purpose in previous studies (e.g. Kauffmann et al. 2003 Kauffmann et al. , 2007 Cheung et al. 2012; Pan et al. 2014; Guo et al. 2016) . We analyze the gradients in recent SFH for the three types of galaxies, particularly examining the dependence on stellar mass and structural parameters such as bulgeto-disk ratio. As we will show, these analyses provide interesting implications for the star formation cessation process which is found to depend strongly on the stellar mass of the galaxy. In following papers of the series, we will further investigate the roles of galactic bars, galaxygalaxy interactions/mergers and large-scale environment in regulating the star formation cessation of galaxies. We will also study the cold gas content of these galaxies by performing followup observations of the atomic and molecular gas emission. Throughout this paper, we assume a flat cold dark matter cosmology model with Ω m = 0.27, Ω Λ = 0.73 and h = 0.7 when computing distance-dependent parameters.
2. DATA 2.1. MaNGA overview As one of the three major experiments of the fourth generation of the Sloan Digital Sky Survey (SDSS-IV; Blanton et al. 2017) , MaNGA is obtaining integral-field spectroscopy for 10,000 nearby galaxies with redshifts in the range 0.01 < z < 0.15 . The MaNGA instrument utilizes the two dual-channel BOSS spectrographs at the 2.5m Sloan Telescope (Gunn et al. 2006; Smee et al. 2013) , simultaneously covering wavelengths over 3600-10300Å at R∼2000, and reaching a target r-band S/N = 4 − 8 (Å −1 per 2 ′′ -fiber) at 1-2R e , with a typical integration time of 3 hr. The MaNGA IFU includes 29 fiber bundles for the Sloan 3
• -diameter field of view, including 12 seven-fiber "mini-bundles" dedicated for flux calibration and 17 science bundles with five different sizes ranging from 19 to 127 fibers, corresponding to on-sky diameters between 12 ′′ and 32 ′′ . Details of the MaNGA instrument design, testing and assembly can be found in Drory et al. (2015) .
MaNGA raw data are reduced with the Data Reduction Pipeline developed by Law et al. (2015 Law et al. ( , 2016 . The reduced data for each galaxy is provided in the form of a datacube with a spaxel size of 0.
′′ 5, which was chosen as a suitable compromise between galaxy spatial information and data volume. The typical effective spatial resolution of the reconstructed datacubes can be described by a Gaussian with a FWHM∼2.
′′ 5. Flux calibration has mainly corrected for the flux loss due to atmospheric absorption and the instrument response. With the help of the "mini-bundles", the absolute flux calibration is better than 5% for more than 89% of MaNGA's wavelength range. Flux calibration, survey strategy and data quality tests are described in detail in Yan et al. (2016b,a) . Wake et al. (2017) present the MaNGA sample design and optimization, which were developed so as to simultaneously optimize the MaNGA IFU size distribution, the IFU allocation strategy, and the target density. Three samples are defined. The Primary and Secondary samples are selected to have a flat distribution of the i-band absolute magnitude, M i , with the assigned IFU bundles reaching to 1.5 and 2.5 effective radii, respectively. Supplemental to the Primary sample, the Color-Enhanced sample increases the fraction of rare populations in the color-magnitude diagram, such as high-mass blue galaxies, low-mass red galaxies and "green-valley" galaxies, by extending the redshift limits in the appropriate color bins.
An overview of the MaNGA instrument, survey design, key science goals and the prototype observations (PMaNGA) are presented in Bundy et al. (2015) . The first MaNGA data release accompanied the SDSS Data Release 13 (SDSS Collaboration et al. 2016) , including reduced MaNGA datacubes for 1390 galaxies observed between July 2014 and July 2015. The SDSS Data Release 14 ) has come out more recently, and provides MaNGA datacubes for a total of 2812 galaxies observed by July 2016. Two value-added catalogues (VACs) based on MaNGA data are released together with the SDSS/DR14, which are contributed by the scientists within the MaNGA team and contain spatially resolved and integrated stellar population properties derived by performing full spectral fitting of the MaNGA datacubes (Sánchez et al. 2016a; Goddard et al. 2017 ).
SDSS perspective of the MPL5 sample
In this work we make use of the MPL5 (the version-2-0-1 of MaNGA Product Launches) data, which is equivalent to the MaNGA sample released with SDSS/DR14, including a total of 2778 galaxies. We restrict ourselves to galaxies with regular shapes, thus excluding those with irregular/disturbed morphologies; (13.2% of the galaxies are excluded for this reason), and will be studied in a separate paper of the series (T. Xiao et al. in preparation). The morphological type of each galaxy is identified by visually examining the r-band image from SDSS. We classify the sample galaxies into three broad classes: disklike, spheroid-like and irregular. We have compared our classifications with those from the Galaxy Zoo project (Willett et al. 2013) . Among the irregular/disturbed galaxies in our case, only 13.4% are classified as regular morphology with the voted odd fraction <0.3 in Galaxy Zoo, indicating that the two classifications are broadly consistent. We find almost all the spheroid-like galaxies (97.8%) in our classification are smooth-like in Galaxy Zoo. However, our spheroid-like classification is much stricter than the smooth-like classification in Galaxy Zoo project, since 38.2% of the smooth-like galaxies in Galaxy Zoo are classified to be disk-like according to our classification. We have visually examined the galaxies with discrepant classifications and verified that they do have spiral-like features in their image. Furthermore, we exclude 475 galaxies from the Color-Enhanced sample and keep only those from the Primary and Secondary samples, considering that the 1/V max weighting scheme is applicable only to these samples (see Wake et al. 2017 ). Finally we excluded 19 galaxies with apparent problems in data reduction or spectral fitting. These restrictions yield a sample of 1917 galaxies in total. We take this as our full sample, and all the analyses below will be based on this sample.
In what follows, we will correct the sample selection effects with the 1/V max weighting method following the prescription in Wake et al. (2017) . For a given galaxy in the Primary or Secondary sample, with an SDSS i-band magnitude of M i , Wake et al. (2017) have calculated the minimum redshift Z min and the maximum redshift Z max , over which the galaxy can be included in the MaNGA target sample. This corresponds to a maximum volume, V max . The MaNGA sample selection effects are then corrected by weighting each galaxy by 1/V max when performing statistical analyses. The weights are multiplied by a factor 1/0.769 for galaxies from the Secondary sample, which is randomly selected from the target sample at a rate of 76.9% for real observations. We note that we have ignored a slight selection bias in angular size caused by the fact that for multiple reasons the MaNGA IFU size distribution does not exactly match the targeted distribution (see §6.2 in Wake et al. 2017 for details), which is expected to have no significant effect on our analyses. Our sample covers a redshift range of 0.01<z<0.14, corresponding to a cosmic time interval of 1.6 Gyr. We assume the cosmic evolution of our measurements is negligible. In fact, we have repeated the main analyses to be presented in the rest of the paper, but limiting the sample to a narrower redshift range of z<0.06, and found the results remain essentially unchanged.
Before analyzing the MaNGA datacubes, we have examined the global properties of our sample using the SDSS single-fiber spectroscopy and broad-band photometry. Figure 1 displays the galaxies on the plane of stellar mass versus NUV−r color, as well as the BPT diagram (Baldwin et al. 1981) . The stellar mass and NUV−r color are taken from the NASA Sloan Atlas (NSA) 15 , which is a catalog constructed by Blanton et al. (2011) listing physical parameters for more than 640,000 local galaxies based on data from GALEX, SDSS and 2MASS. The relevant emission-line ratios used for the BPT diagram are taken from the MPA/JHU SDSS database 16 (Brinchmann et al. 2004 ). In the BPT diagram, the dashed and dashed-dotted curves are adopted from Kauffmann et al. (2003) and Kewley et al. (2006) to separate AGN from star forming galaxies. For comparison, we have selected a volume-limited sample from the NSA, consisting of 35,070 galaxies with r-band absolute magnitude brighter than -17.2 and redshift between 0.01 and 0.03. Distributions of this sample are shown as grayscale background in both panels. Figure 2 shows the relations between the three SFH diagnostics: D n (4000), EW(Hδ A ) and EW(Hα). These parameters are obtained from the SDSS 3.
′′ 0-fiber spectra, and so they combine to probe the recent SFH of the central 1-2 kpc of the MaNGA galaxies. We take measurements of these parameters from the MPA/JHU database. As before, distributions of the volume-limited NSA sample are plotted as grayscale background. For comparison, we also show predicted relations of the same parameters by the Bruzual & Charlot (2003) models of solar metallicity that follow exponentially declining star formation histories (SFR ∝ exp(−t/τ )). Solid lines are for continuous star formation decline with τ > 5×10 8 yr, and dashed lines for star formation bursts with τ < 5 × 10 8 yr. Different lines represent the different characteristic timescales τ . The Hα luminosity is computed by converting Lyman continuum photons to Hα following Hunter & Elmegreen (2004, see equations B2-B4 in their appendix), adopting the recombination coefficients and Hα/Hβ ratios from Hummer & Storey (1987) . Figure 1 shows that our sample well represents the general population of galaxies at stellar mass above ∼ 10 9 M ⊙ , covering the full parameter space in both the color-mass diagram and the BPT diagram. Our sample lacks galaxies below ∼ 10 9 M ⊙ , as well as galaxies with lowest [Nii]/Hα, which can both be attributed to the faint limit of M i adopted for the MaNGA target sample (see Wake et al. 2017 ). In addition, our sample appears to have a surfeit of the most massive galaxies compared to the volume-limited NSA sample, which is a consequence of the MaNGA sample design which attempts to make the sampling uniform in mass (Wake et al. 2017) . From Figure 2 we see that the central regions of the galaxies form relatively tight relations involving all the three diagnostics, which closely follow the regions of the continuous star formation models.
Following Paper I, we divide the galaxies into two subsamples according to the central D n (4000) measured from the central spaxel in the MaNGA datacube 17 : cen- (2003) and Kewley et al. (2006) to separate AGN from star forming galaxies. trally quiescent (CQ; shown in red triangles) galaxies with D n (4000) cen >1.6, and centrally star-forming (CSF; shown in blue circles) galaxies with D n (4000) cen ≤1.6 (Li et al. 2015) . As can be seen from Figure 1 , almost all CSF galaxies are located in the blue cloud with NUV−r< 4, and the majority of CQ galaxies are located in the red sequence with NUV−r> 5. However, a large fraction of CQ galaxies fall in the green valley, and some of the high-mass galaxies (log 10 (M * /M ⊙ )>10.0) are found even in the blue cloud. This indicates that high mass galaxies may be still forming stars if seen as a whole, even though the galactic center is already quenched.
Full spectral fitting
ure 2 come from the SDSS single-fiber spectroscopy. This is why there isn't a sharp break between red and blue symbols in the figure.
We perform full spectral fitting for each spaxel in the MaNGA datacubes following the same method as described in Paper I, and obtain two-dimensional maps of D n (4000), EW(Hδ A ) and EW(Hα) for each galaxy. We use the empirical spectral fitting code developed by Li et al. (2005) , which utilizes a set of 9 template spectra constructed from observed stellar and galactic spectra using the technique of principle component analysis. The median χ 2 of the spectral fitting is 1.12 for the whole sample, with only 3.7% spaxels fitted with χ 2 > 3. We have visually examined these spectra, and find the large χ 2 is caused by multiple reasons but the regions of the D n (4000) and EW(Hδ A ) are indeed well fitted in most cases. The reader is referred to Li et al. (2005) for a detailed description of the construction of the templates and tests on the spectral fitting results. We then measure D n (4000) and EW(Hδ A ) based on the best fitting stellar spectra without correcting the intrinsic dust attenuation, as well as EW(Hα) from the pure emission line component, obtained by subtracting the best-fit stellar component from the observed spectrum. We have fitted the Hα emission line with a single Gaussian profile when measuring EW(Hα). Examples of spectral fits and maps of the three diagnostics, as well as tests on the methodology, can be found in Paper I. We also use the public spectral fitting code STARLIGHT (Cid Fernandes et al. 2005) to derive a stellar mass for each spaxel, which will be used when obtaining mass-weighted parameters.
3. RESULTS 3.1. A single classifier of star formation status Previous studies usually used broad-band colors (e.g. NUV−r) or spectroscopic diagnostics measured at galactic centers (SDSS-based SFR and D n (4000)) to divide galaxies into star-forming and quiescent subsamples. As shown above, however, the central D n (4000) and global NUV−r color provide inconsistent classifications in many cases. Here, we introduce a new parameter to characterize the overall status of star formation in a galaxy based on 2D maps of D n (4000) and EW(Hα). The parameter, f Q , is defined as the mass-weighted fraction of spaxels that are quenched within a given galactic radius R,
Here m * ,i is the stellar mass of the ith spaxel derived with STARLIGHT, and f i determines whether the ith spaxel is quenched or not. A spaxel is quenched if D n (4000)>1.6 and EW(Hα)<2.0Å (Geha et al. 2012) , so f i can be written as
where D n (4000) i and EW(Hα) i are the 4000Å break and Hα emission line equivalent width for the ith spaxel. When calculating f Q (R), we have corrected the inclination effect for each galaxy, based on the minor-to-major axis ratio taken from NSA. In this definition, we have used both D n (4000) and EW(Hα) to identify quenched spaxels. Figure 3 displays the distribution of all the spaxels of the sample galaxies on the plane of D n (4000) and log 10 EW(Hα). The horizontal dashed line is for EW(Hα)=2Å, and the vertical dotted line for D n (4000)=1.6. The spaxels are roughly separated into two regions: star-forming regions with higher EW(Hα) and lower D n (4000), and quenched regions with lower EW(Hα) and higher D n (4000). This is in agreement with the bimodality of stellar population on kpc scales (Zibetti et al. 2017) . As can be seen, the spaxels with D n (4000)> 1.6 are mostly, but not always below the line of EW(Hα)= 2Å. A significant fraction of the spaxels with D n (4000)> 1.6 can have an EW(Hα) as high as ∼ 10Å. In previous studies, regions with EW(Hα)>6Å are usually classified as star forming regions (e.g. , while regions with EW(Hα)<6Å appear to be diffuse ionized gas, likely ionized by post-AGB stars (e.g. Papaderos et al. 2013; Belfiore et al. 2017; Zhang et al. 2017 ). The criterion of EW(Hα)<2Å, as an addition to the requirement of D n (4000)> 1.6, is probably somewhat conservative, but safe for identifying quenched regions (Geha et al. 2012) .
In this paper, we adopt R = 1.5R e when measuring f Q , considering that 1.5R e is the radius to which both the Primary and Secondary samples are observed with sufficient S/N. In Figure 4 , we show the histogram of f Q (1.5R e ) of our sample (left panel), and the correlation of f Q (1.5R e ) with both global NUV−r (middle panel) and the central D n (4000) (right panel). It is striking that the majority of galaxies can be divided into two extreme cases with either f Q < 0.1 or f Q > 0.9, with only a small fraction falling in between. Therefore, we classify them into three subsets: star-forming (SF) galaxies with f Q (1.5R e ) < 0.1, partly quenched (PQ) galaxies with 0.1 ≤ f Q (1.5R e ) < 0.9, and totally quenched (TQ) galaxies with f Q (1.5R e ) ≥ 0.9. As a result, our sample includes 993 SF galaxies, 347 PQ galaxies and 577 TQ galaxies. Having performed the 1/V max correction, we find the SF population dominates the sample (∼ 69.5%), TQ galaxies account for 18.4% of the total, and only ∼ 12.1% are in the class of PQ.
Galaxies in the blue cloud with NUV−r< 4 and those with central D n (4000)< 1.6 are mostly classified as SF galaxies with f Q (1.5R e ) < 0.1, that is, more than 90% of the area of these galaxies are forming stars. On the other hand, however, SF galaxies are not always blue or centrally star-forming. Rather, the SF galaxies may have redder colors with NUV−r> 4 or quenched centers with D n (4000)> 1.6. This implies that the central region of these galaxies is quenched, while the outskirts is still forming stars. Galaxies with NUV−r> 4 or central D n (4000)> 1.6 span a full range of f Q (1.5R e ), suggesting that the global color or central spectroscopy cannot accurately reflect the overall status of the star formation histogram of f Q (1.5Re) for our full sample. Middle panel: correlation between NUV−r and f Q (1.5Re). The two horizontal lines are for f Q (1.5Re)=0.1 and 0.9, the boundaries used to classify our galaxies into three types. The two vertical lines are NUV−r=4 and NUV−r=5. Right panel: correlation between central Dn4000 and f Q (1.5Re). The two horizontal lines are for f Q (1.5Re)=0.1 and 0.9, while the vertical line indicates Dn(4000)=1.6. in these galaxies.
In Figure 5 , we show the color-mass and BPT diagrams for the sample galaxies again, using the same SDSS-based parameters as in Figure 1 , but plotting the SF/PQ/TQ galaxies in red/green/blue symbols respectively. SF and TQ galaxies are well separated in the NUV−r vs. M * diagram, while PQ galaxies are broadly distributed over a wide color range above NUV−r∼ 3. TQ galaxies are mostly redder than NUV−r= 5, which is the commonlyadopted cut for selecting red-sequence galaxies 18 . This demonstrates that the red global color is a necessary, but not sufficient criterion for identifying a fully quenched galaxy. Similarly, blue-cloud galaxies, as usually selected by NUV−r< 4, are mostly but not purely SF galaxies. The green-valley enclosed by the red and blue divisions, i.e. 4 <NUV−r< 5, is a mixture of SF and PQ galaxies, with very few TQ galaxies. Interestingly, the relative fractions of the SF and PQ classes in the green valley depends on stellar mass, in the sense that the SF population dominates at low masses (below a few ×10 10 M ⊙ ) and the PQ population dominates at high masses.
In the BPT diagram, we find the SF galaxies to be distributed over all the different regions, although the majority reside in the expected star-forming region. A small, but significant fraction of the SF galaxies are found in the composition and AGN area. On the other hand, the centrally star-forming galaxies, located below the dividing line of Kewley et al. (2006) in the BPT diagram, are mostly classified as fully star-forming galaxies according to the MaNGA data. This echoes the finding of Paper I, where centrally SF galaxies present weak or no gradients in diagnostics of recent SFH. Furthermore, we find PQ and TQ galaxies are similarly located in the composition and AGN regions, with the majority falling in the region of LINER, or LIER (e.g. Belfiore et al. 2015 Belfiore et al. , 2016 Zhang et al. 2017 ). This might be suggesting that the two classes of galaxies share similar ionizing sources 18 We note that some authors adopted a mass-dependent color division. As can be well expected from Figure 5 , our conclusion that TQ galaxies are mostly located in the red sequence would not change if a mass-dependent division was used.
in the nuclear region.
3.2. Radial profiles and gradients of the SFH diagnostics For each galaxy in our sample, we have obtained the radial profiles of the three diagnostic parameters: D n (4000), EW(Hδ A ), and EW(Hα). We take the spaxels with a continuum SNR>5 at 5500Å in the twodimensional map of a given parameter, and divide them into a set of non-overlapping radial bins with a constant interval of ∆(R/R e ) = 0.2. The radial profile of the parameter is then derived from the median value of the spaxels falling in each radial bin. When doing this, we have corrected the inclination effect for each spaxel based on the minor-to-major axis ratio from NSA. Figure 6 displays the radial profiles of one of the three diagnostic parameters, D n (4000), for all the galaxies in our sample. We divide the galaxies into five stellar mass intervals: log 10 (M * /M ⊙ )<9.8, 9.8≤log 10 (M * /M ⊙ )<10.2, 10.2≤log 10 (M * /M ⊙ )<10.6, 10.6≤log 10 (M * /M ⊙ )<11.0 and 11.0≤ log 10 (M * /M ⊙ ). For each stellar mass interval, we present the results for the SF, PQ and TQ galaxies separately. In the figure, panels from left to right correspond to the different mass bins, while panels from top to bottom correspond to the three different galaxy types. In each panel, we show the median radial profile of D n (4000) as black dots connected by the solid line, as well as the 1σ scatter around the median profile as error bars. When estimating the median profiles, we have corrected the selection effect of the MaNGA target sample by weighting each galaxy by 1/V max , as described in the previous section. The profiles are plotted as a function of R/R e , which is the galaxy-concentric radius scaled by the effective radius.
A number of interesting results can be seen in this figure. First, for a given galaxy type, both the amplitude and the slope of the D n (4000) profile vary with stellar mass, with lower amplitudes and flat slopes at mass below ∼ 10 10 M ⊙ and higher amplitudes and steeper, negative slopes at higher masses. The trend with mass is Figure 1 , but the color of the symbols reflect the overall star formation status of the galaxies, which is fully star-forming (blue), partly quenched (green), or totally quenched (red). (4000), plotted as a function of radius scaled by effective radius. Panels from left to right are results for five different stellar mass intervals, as indicated. Panels from top to bottom present results for the three types of galaxies separately: fully star forming (SF) galaxies, partly quenched (PQ) galaxies and totally quenched (TQ) galaxies. Coloured thin lines are for individual galaxies. In each panel, the dots connected with the solid line plot the median profile of all the galaxies in the panel, and error bars indicate the 1σ scatter of individual galaxies around the median relation. In each panel, the vertical dashed line shows the typical resolution of each subsample. Fig. 7. -Histograms of Dn(4000) slope index, α(D4000), for galaxies with different stellar mass (panels from left to right) and at different star formation status, with red/green/blue lines for SF, PQ and TQ galaxies separately. K-S probabilities of the distributions of every two subsamples are indicated in the top-right corner of each panel. In each stellar mass bin, we show the Poisson errors for the subsample with the least number of galaxies. Fig. 8 .-Median radial gradients in Dn(4000) (top panels), EW(Hδ A ) (middle panels) and EW(Hα) (bottom panels) for galaxies with different stellar masses (panels from left to right) and at different star formation status (red/green/blue corresponding to SF, PQ and TQ galaxies separately). more pronounced for SF and PQ galaxies, and the effect is rather weak for TQ galaxies, which present no or very weak gradients in D n (4000) at all masses. Second, at fixed mass, the three types of galaxies present different profiles, but only at intermediate-to-high masses (above ∼ 10 10.2 M ⊙ ; hereafter, we will refer to galaxies with stellar mass above ∼ 10 10.2 as massive galaxies, and those below as less massive galaxies.). At these masses, SF and PQ galaxies show similarly steep profiles with smaller D n (4000) at larger radii, while the TQ galaxies present relatively large D n (4000) over all the radii with no/weak radial variations. At lower masses, different types of galaxies show similarly flat profiles, but different amplitudes, with D n (4000) averaged at ∼ 1.4, ∼ 1.6 and ∼ 1.8 for SF, PQ and TQ galaxies, respectively.
In most cases, the radial profile of D n (4000) within the effective radius can be simply described by a straight line, consistent with the finding of Paper I. Therefore, following Paper I, we have performed a linear fit to the D n (4000) profile at R < R e for each galaxy. Figure 7 presents the distributions of the best-fit slope, α(D n (4000)), which is the change in D n (4000) per R e , for the SF (blue lines), PQ (green lines) and TQ (red lines) galaxies in the same five mass ranges. In each panel, we perform a Kolmogorov-Smirnov (K-S) test to quantify the significance of the statistical differences between each two distributions, as indicated in the top right corner of each panel. An impressive result from this figure is the similarity between the SF and PQ galaxies, which show very similar distributions of α(D n (4000)) at fixed mass. In addition, both the no/weak gradients of all diagnostics in less massive galaxies and the mass dependence in massive galaxies can be easily identified from the figure. For less massive galaxies, the distribution of α(D n (4000)) is constant at around zero with a narrow width of ∼ 0.1, and the distribution is pretty much the same for the three types of galaxies. For massive galaxies, the SF and PQ galaxies still show similar distributions, but centered at more negative α(D n (4000)) values and with larger widths when compared to the distributions of less massive galaxies. The D n (4000) gradient in TQ galaxies is less dependent on stellar mass, with similarly narrow widths at all masses and slightly stronger (negative) gradients at higher masses. Figure 8 present the normalized median profiles of all the three diagnostic parameters, separately for the five stellar mass intervals. For each galaxy in our sample, we normalize the radial profiles by subtracting the values at 0.5R e , and we obtain the median profile for given stellar mass range and galaxy type in the same way as above. The trends of D n (4000) gradient with both stellar mass and the star formation status as seen in the previous figure are more clearly seen in the top panels of the current figure. Furthermore, as shown in the middle and bottom panels, the other two diagnostic parameters, EW(Hδ A ) and EW(Hα), show quite consistent behaviors with the D n (4000) in terms of radial gradients. Less massive galaxies with M * 10 10.2 M ⊙ show weak gradients, regardless of the overall star formation status. For massive galaxies, the gradients of the diagnostic parameters depend on both stellar mass and the star formation status. TQ galaxies show almost no gradients in EW (Hα) and similarly weak gradients in D n (4000) and EW(Hδ A ), while SF and PQ show similar, positive gradients in all the diagnostics with stronger gradients at higher masses.
One may worry that the gradients of our diagnostic parameters might be affected by beam smearing effect due to the limited spatial resolution of the MaNGA IFUs. In fact, the great majority of the galaxies in MaNGA Primary and Secondary samples are well resolved (Ibarra-Medel et al. 2016) . About 92% of the sample galaxies have an R e larger than 2.5 ′′ , the effective spatial resolution of the MaNGA datacubes, and more than 97% have the 1.5R e larger than 2.5 ′′ . We have also examined the potential dependence of D n (4000) gradients on galaxy angular size for Primary sample and Secondary sample separately, finding no significant trends. Therefore, beam smearing effect should not have a significant impact on the results.
Diagnostic diagrams of Recent SFH
In the previous subsection, we have examined the radial profiles of the three diagnostics. In this subsection we jointly analyze the different diagnostics, by showing their radial profiles on three diagrams of D n (4000) vs. EW(Hδ A ), EW(Hδ A ) vs. EW(Hα), and EW(Hα) vs. D n (4000), respectively. To this end, we take the data points of each radial profile at four different radii: 0.1R e , 0.5R e , 0.9R e and 1.3R e . For each radius, we then show the distribution of the galaxies on the three diagnostic diagrams. The results are shown in Figures 9, 10 and 11. Panels from left to right correspond to the five stellar mass ranges, while panels from top to bottom correspond to the four radii. Thus each panel displays a diagram for a given stellar mass bin in a given radial bin. In each panel, the blue circles, green crosses and red triangles represent the SF, PQ and TQ galaxies falling in the stellar mass range. For comparison, we plot all the spaxels of galaxies in the corresponding stellar mass range which have a continuum SNR>5 at 5500Å, as the background grayscale distribution in each panel. The BC03 models with continuously declining star formation and bursting star formation are plotted as the solid and dashed lines. We note that we have adopted BC03 models of different metallicities for different mass bins, considering the known metallicity dependence on mass (Lequeux et al. 1979; Garnett & Shields 1987; Tremonti et al. 2004; Gallazzi et al. 2005; Panter et al. 2008; Sánchez et al. 2013) . We use models of Z = 0.4Z ⊙ for less massive galaxies in the two lowest stellar mass bins, and Z = Z ⊙ for massive galaxies in the other three mass bins.
A general result of these figures is that the distributions of galaxies on these diagrams broadly follow the continuous star formation models, although a small fraction of individual spaxels may extend to regions of starbursts. This is true for all the masses and radii, and also independent of the overall star formation status of the galaxies. A galaxy may be located differently in the diagrams, depending on mass, radius and classification, but the location is confined to the regions of continuous star formation models. For instance, in Figure 9 , we see that the PQ galaxies (green crosses) in the top right-most panel (log 10 (M * /M ⊙ )> 11, R = 0.1R e ) are mostly located in the quenched region with largest D n (4000) and smallest EW(Hδ A ), and they are moving -along the tight sequence of continuous star formation modelsto more star-forming regions with smaller D n (4000) and larger EW(Hδ A ) when one goes to larger radii. This result reflects the radial profile of PQ galaxies at fixed mass, as already presented in previous figures. However, the tight sequence on the D n (4000)-EW(Hδ A ) diagram can only be clearly seen when the diagnostics are jointly examined. It is striking to see the same tight sequence on the diagnostic diagram to hold regardless of mass, radius and galaxy type. But one should keep in mind that we have excluded mergers, and irregular and disturbed galaxies from our sample. The result suggests that, as pointed out in Paper I, the star formation cessation in a galaxy must be a smooth long-term process, likely governed by a common set of drivers, and starburst activities happen rarely in galaxies with regular morphologies. We emphasize that the lack of starburst spaxels are not due to problematic spectral fitting of post-starburst galaxies. We have examined some known post-starburst galaxies in our sample, finding their spectra to be reasonably well fitted.
The distributions of the galaxies on the other two diagrams, both involving EW(Hα), are not as tight as those in the D n (4000) vs. EW(Hδ A ) diagram. However, even with a more scattered distribution, the galaxies are still barely found in the regions of starburst models, reinforcing the conclusion that the star formation history in individual spaxels is consistent with the continuous star formation model. Furthermore, we find that the PQ and TQ classes are better separated on the EW(Hα)-related diagrams, with TQ galaxies located mostly below log 10 EW(Hα)∼ 0 and PQ galaxies above it.
We note that there are outliers (though small in number) in some panels, especially the panels for R = 0.1R e and high mass bins in Figure 9 and 10. It is interesting that the outliers in these panels are no longer discrepant when one moves to larger radii, implying that these outliers are mostly caused by the inner regions of massive galaxies. We have visually inspected the spectra of the outliers, finding their emission lines to present a very broad component, thus indicating the presence of a type-I AGN. Special treatments and analyses of AGN are beyond the scope of this paper, and the interested reader is referred to Belfiore et al. (2016) and Zhang et al. (2017) for detailed studies of AGN and diffuse ionized gas emission in MaNGA galaxies.
3.4. The central D n (4000) versus α(D n (4000)) relation In the previous section we have examined the recent SFH for individual spaxels at different radii within the galaxies, finding them to uniformly follow the BC03 models with continuously declining star formation rate, a result which is interestingly independent of stellar mass, radius and the overall star formation status of galaxies. In this subsection we make direct comparisons between the central and outer regions of the galaxies, in order to understand whether there is any evolution relation across the galaxy. We concentrate on one of the three diagnostics, D n (4000), for simplicity. Figure 12 compares the D n (4000) measured in the central spaxel (D n (4000) cen ) with both the D n (4000) gradient (α(D n (4000)), left panel), and the D n (4000) measured at 1.5R e (D n (4000) 1.5Re , right panel). In both panels, galaxies are divided into SF (blue circles), PQ (green crosses) and TQ (red triangles) populations.
As can be seen, SF and TQ populations can be well separated in both panels, while PQ galaxies are largely found in between, with substantial overlap with the TQ population. Consistent with the radial profiles shown in previous figures, the majority of the SF galaxies have the lowest D n (4000) in the center, as well as weak/no gradients. Therefore, they are located in the left-upper part on the D n (4000) cen vs. α(D n (4000)) plane and the left-lower part on the D n (4000) cen vs. D n (4000) 1.5Re plane, where D n (4000) cen < 1.6, α(D n (4000))> −0.2 and D n (4000) 1.5Re < 1.6. In addition, it is interest- ing to see that a significant fraction of SF galaxies present strong gradients and high D n (4000) in their centers (D n (4000)> 1.6), but low D n (4000) at 1.5R e . They are classified as SF because most of their spaxels fulfill the criteria for SF regions, and only the central region is quenched. As a whole, the SF galaxies form a nearly linear sequence on the D n (4000) cen vs. α(D n (4000)) plane. The TQ galaxies are mostly located in the top right corner in both panels. They span a relatively narrow range in D n (4000) at both the galactic center and 1.5R e , with D n (4000)> 1.8 and α(D n (4000))> −0.5 in most cases. The distribution of PQ galaxies is more scattering when compared to the other two classes, covering both the intermediate region between the SF and TQ populations and the whole region of the TQ population, but with little overlap with the SF population.
These results are in good agreement with the "insideout" picture of star formation cessation, in which the star formation gets shutdown in the galactic center before propagating to larger and larger radii. In this picture, a fully SF galaxy starting with a flat D n (4000) distribution with D n (4000) constant at the lowest values (D n (4000)∼ 1.2), will have larger D n (4000) cen and steeper slopes as the star formation cessation happens from the center outwards. Initially located at the upperleft corner in the the D n (4000) cen vs. α(D n (4000)) plane, the galaxy appear to move along the SF sequence towards the lower-right corner, where it deviates from the SF sequence and moves upward with central D n (4000) saturated at D n (4000) cen ∼ 2 and α(D n (4000)) increasing from ∼ −0.8 (steepest slopes) up to around zero (flat slopes). The same picture can also be seen in the right panel, where the galaxy starts from the lower-left corner with the same D n (4000) at R = 0 and 1.5R e , evolves to the PQ phase which shows the largest deviation from the 1 : 1 relation because of the strongest gradients in D n (4000), and comes back to the 1 : 1 relation when the galaxy gets totally quenched, thus showing highest D n (4000) in both the center and the outskirts. The PQ galaxies are in the transition phase between the SF and TQ populations, given their locations on both diagrams.
Although the two panels generally illustrate the "inside-out" star formation cessation process, it is apparent that some individual galaxies do not simply follow this sequence. For instance, some SF galaxies appear to deviate from the SF sequence with a rather flat profile, falling in between the SF sequence and the region of TQ galaxies in the left panel. In the right panel, these galaxies follow the 1 : 1 relation even when their central D n (4000) exceeds 1.6. These galaxies are obviously not following the "inside-out" picture. In order to understand what drives the diversity in these panels, we have examined the possible dependence on stellar mass, morphology and structural parameters. The results are shown in Figures 13, 14 and 15 .
In Figure 13 , we repeat the two panels of the previous figure, but for the five stellar mass bins separately. An immediate result from this figure is that the "insideout" process as described above is seen only for massive galaxies in the three high-mass samples with mass above 10 10.2 M ⊙ , with the trend becoming stronger at higher masses. In these mass bins, the galaxies are clearly offset from the one-to-one line, with the deviation increasing gradually with increasing stellar mass. For less massive galaxies, we see no/weak signature of "inside-out" in the sense that the galaxies show fairly flat D n (4000) profiles although the central D n (4000) span a full range of 1.2 <D n (4000)< 2. We note that there are also a small number of massive SF galaxies with D n (4000) cen <D n (4000) 1.5Re , suggesting that they have different star formation cessation picture from normal massive SF galaxies. These galaxies have slightly positive gradients in D n (4000), and negative gradients in log 10 EW(Hα). Wang et al. (2017) used the public MaNGA data from SDSS/DR13 and examined these galaxies, finding them to have smaller size, higher concentration, higher SFR and higher gas-phase metallicity when compared to normal SF galaxies of similar masses. In addition, their median surface mass density profile falls in between the profiles of normal SF galaxies and quiescent galaxies with the same stellar mass distributions, indicating that these galaxies are likely in the transition phase from normal SF galaxies to quiescent galaxies, with rapid on-going central stellar mass assembly, probably related to bulge growth.
In Figures 14 and 15 , we further examine the dependence of the diagnostic diagrams on both the bulgeto-total ratio (f B/T ) and morphological type (spheroidlike vs. disk-like), but showing the results only for the plane of D n (4000) cen and D n (4000) 1.5Re for simplicity. The bulge mass fractions are taken from Simard et al. (2011) , obtained by performing photometric decomposition modelling on the SDSS r-band image. The morphological classification is done by visually examining the r-band image of the sample galaxies. We see quite similar results from both figures in the following three aspects. First, the radial variations in D n (4000), as seen at log 10 (M * /M ⊙ )> 10.2 in Figure 13 , are dominated by disk-like galaxies in the class of SF or PQ, which have small B/T luminosity ratios. We note that this trend might be driven by the lack of SF spheroid-like galaxies. However, given the small number of SF spheroidlike galaxies at fixed M * , we are unable to reliably tell whether the distribution of SF disk-like on the diagram differs significantly from that of the SF spheroid-like galaxies. We will come back to this point in future when larger samples are available. Second, the TQ galaxies are mostly spheroid-like and have large B/T ratios, consistent with previous studies that a dense bulge is usually found in a quenched galaxy (e.g. Fang et al. 2013; Bluck et al. 2014) . Third, these effects are stronger at higher stellar masses. Stellar mass is apparently a primary driver for the star formation cessation process in local galaxies. These results imply that the presence of a central massive object, such as a bulge, is unlikely to play a driving role in quenching. In fact, an additional analysis shows that the significant deviation of the massive galaxies from the 1:1 relation as seen in Figure 14 is still hold even when we restrict ourselves to the galaxies with f B/T < 0.2. On the other hand, the absence of a bulge seems to be even required in order to have a large radial gradient, which is an observational signature of the inside-out cessation process. However, this result should not be overemphasized due to the small number of star-forming galaxies with f B/T > 0.4. A spheroid-like morphology or a large f B/T is associated mostly with galaxies at the TQ stage, implying that the growth of a central massive object is likely a consequence of the star formation cessation, and probably plays crucial roles only at the late stage of the quenching process.
4. DISCUSSION 4.1. Comparison with previous results Paper I investigated maps and radial profiles of D n (4000), EW(Hδ A ) and EW(Hα) for a preliminary sample of 12 galaxies observed in the MaNGA prototype run (P-MaNGA), finding the individual spaxels of the P-MaNGA galaxies to broadly follow models of continuously declining star formation and nicely form a tight sequence on the D n (4000)-EW(Hδ A ) diagram. In this work, we have extended the analysis of Paper I by using a much larger sample of 1917 galaxies from the MaNGA MPL5, and find that those suggestive results are confirmed at much greater significance (see Figure 9 , Figure  10 and Figure 11 ). This indicates that the growth and death of galaxies must be a smooth process, and that starbursts happen rarely in galaxies with regular morphology.
Paper I classified galaxies as either centrally starforming or centrally quiescent according to the star formation status of the central region, and found the two classes present distinct radial profiles in the diagnostic parameters. In this work, we found that the central region alone can not accurately determine the overall star formation status of a galaxy. A galaxy with a quenched center could be forming stars in the outskirts, thus a partly quenched galaxy, or it could be a totally quenched galaxy with no star formation across the whole area. We have proposed a single classifier, f Q (R < 1.5R e ), based on the 2D map of both D n (4000) and EW(Hα), and made comparisons with the conventional classifiers such as global NUV−r color and central D n (4000).
Resolved stellar populations have been studied in recent years, based on multi-wavelength broadband photometry, long-slit spectroscopy, and IFU spectroscopy for nearby galaxies (Pérez et al. 2013; González Delgado et al. 2014 , 2015 . Using 105 galaxies from CALIFA, Pérez et al. (2013) studied the spatially resolved history of their stellar mass assembly by applying the fossil record method, revealing an inside-out growth picture for massive galaxies and a transition to outside-in growth for low mass galaxies (log 10 (M * /M ⊙ )<10.0). Following this work, Ibarra-Medel et al. (2016) reconstructed the radial stellar mass growth histories of a large sample of galaxies from MaNGA. They also found an "inside-out" stellar mass growth picture for massive galaxies, and this picture is more pronounced in blue/star-forming/late-type galaxies than in red/quiescent/early-type galaxies. In contrast, this picture does not hold for less massive galaxies with stellar mass below ∼10 10 M ⊙ . In this work, we have concentrated our investigation on the star formation cessation process rather than the growth process, by using the three diagnostics of recent SFH. We find the "inside-out" star formation cessation picture is true only for massive galaxies. For less massive galaxies, we find the recent SFH to be fairly uniform across the galaxy, with no/weak radial gradients. Therefore, these new results support neither the simple "inside-out", nor the "outside-in" picture for less massive galaxies. Zheng et al. (2017) estimated the gradients in both stellar age and metallicity by applying the STARLIGHT software to an earlier sample from MaNGA, finding significantly negative gradients in age and weak gradients in metallicity. Using a similar MaNGA sample, Goddard et al. (2017) found negative gradients in stellar metallicity for late-type galaxies, with a stronger effect at higher masses. In this work we have taken a less model-dependent approach by focusing our analysis on the three diagnostic parameters. For comparison, we present an analysis of stellar age and metallicity profiles in the Appendix, obtained by performing full spectral fitting to MaNGA datacubes using STARLIGHT. Our results are consistent with what Zheng et al. (2017) found. The stellar age gradients obtained from STARLIGHT appear to be in good agreement with those in Goddard et al. (2017) as well. In contrast to Goddard et al. (2017) , we have found rather weak gradients in stellar metallicity for massive SF and PQ galaxies. In a parallel MaNGA paper led by Hongyu Li et al. (in prep.) , we have done detailed comparisons between STARLIGHT and pPXF, finding them to be consistent with each other in terms of both stellar age and metallicity gradients. The discrepancy with Goddard et al. (2017) is probably due to the different spectral fitting procedures adopted in their code; more work is needed to ascertain the source of the discrepancy. In any case, the large gradients of D n (4000) as shown for massive galaxies in our work is consistent with the predictions of most of the commonly-used models, and so are unlikely to be caused by stellar metallicity gradients. Kauffmann (2015) analyzed the recent star formation history of low-mass galaxies from SDSS with stellar masses in the range 10 8 − 10 10 M ⊙ , using D n (4000) and EW(Hδ A ) in combination with SFR/M * as diagnostics. It was suggested that a large fraction of the SFR density in these galaxies was contributed by multiple starbursts triggered by gas cooling and supernova feedback cycles over the history of the galaxy. The current work does not attempt to derive any model-dependent SFH parameters such as F burst , the fraction of stellar mass formed in bursts. We have analyzed both D n (4000) and EW(Hδ A ), and the third parameter EW(Hα) is expected to be correlated with SFR/M * . Therefore, our measurements of the radial profiles for these diagnostics should in principle provide useful constraints on the picture proposed by Kauffmann (2015) , which was limited by the singlefibre spectroscopy from SDSS, thus probing the stellar populations only within the central 1-2 kpc of a galaxy. Although the continuous star formation models of BC03 can explain the recent SFH for the majority of our galaxies in the same mass range, a model with multiple starbursts cannot be simply ruled out. It would be interesting to see whether their model and the continuous star formation models can be discriminated using the resolved spectroscopy from MaNGA in a future work.
4.2.
A critical mass for "inside-out" star formation cessation The radial gradients in the SFH diagnostics as measured from the MaNGA galaxies have revealed an "inside-out" picture of star formation cessation. This can be seen from both the radial profiles of the three diagnostic parameters as shown in Figure 6 , and the comparisons of the inner and outer D n (4000) as shown in Figure 12 . The diagnostic diagrams examining the mutual relations of the three parameters as shown in Figures 9-11 further indicate that this inside-out cessation must happen in a rather smooth manner, with star formation rate declining continuously on a long timescale. In this picture, as discussed in §3.4, a fully star-forming galaxy with a low stellar mass and weak/no gradients in D n (4000) will evolve into the partly quenched phase with a quenched inner region and a star-forming outer region, thus displaying significantly negative gradients in stellar age, and eventually to the final, fully quenched stage with a larger stellar mass and only weak/no gradients again.
When we limit the analysis to a narrow range of stellar mass (see Figure 13) , we find the picture of inside-out cessation appears to hold only for galaxies with stellar masses above ∼ 10 10 M ⊙ . For less massive galaxies, the inner and outer regions seem to evolve synchronously, showing almost no gradients at all in the evolutionary stages as classified by the f Q parameter. This finding implies that the inside-out cessation is at work in a galaxy only when its stellar mass exceeds a critical mass, which is a few ×10 10 M ⊙ . A galaxy with an initial stellar mass below this critical mass may evolve to its fate via two different paths, depending on the final mass. If the final mass is below the critical mass, the star formation would cease synchronously across the galaxy, thus showing no/weak radial gradients over the galaxy lifetime. If the galaxy manages to keep forming stars over a long timescale so that its stellar mass exceeds the critical mass, or if the galaxy begins with a mass above the critical value, the inside-out star formation cessation would then be at work. For a fully quenched galaxy with current mass below the critical value, the star formation must have ceased in a synchronous manner with no radial dependence.
We have further examined whether the onset of insideout cessation depends on the bulge-to-total luminosity ratio and the spheroid/disk classification. It is interesting that, although the relative fraction of the galaxies falling in the subsets of SF, PQ and TQ may vary according to f B/T or morphology, the overall distribution of galaxies on the D n (4000) 1.5Re -D n (4000) cen plane appear to depend on stellar mass only. At higher masses, all types of galaxies show larger radial variations in D n (4000), regardless of their morphology type or bulgeto-total ratio. This analysis demonstrates that stellar mass is indeed a driving parameter for the star formation cessation process in galaxies.
4.3. Galactic bulge: reason or result of the star formation cessation? One might argue that the results regarding the insideout cessation as discussed above can be interpreted by the increasing predominance of galactic bulges with increasing stellar mass, which may naturally explain the D n (4000) gradients observed in massive galaxies. Figure 14 shows that, the galaxies with a small bulge luminosity fraction (f B/T < 0.4) present stronger D n (4000) gradients at higher masses, in exactly the same way as seen for the bulge-dominated galaxies with f B/T > 0.4. Therefore, the inside-out cessation of star formation as observed in the massive galaxies cannot be solely attributed to bulge growth. In the Appendix, we present an additional analysis in which we select galaxies with bulge radius R bulge smaller than 0.5R e , thus estimating D n (4000) gradients using only the disk-dominated regions, and we find significant mass-dependent gradients similar to those seen in the previous section.
Previous studies have established that the presence of a central dense object (such as a prominent bulge) is a necessary, but not sufficient, condition for a central galaxy to be quenched (e.g. Bell 2008; Bell et al. 2012; Fang et al. 2013) . Bluck et al. (2014) further found the bulge mass to play a more important role in quenching star formation in local galaxies when compared to the bulge-to-total stellar mass ratio. In agreement with these previous studies, Figure 14 shows that the majority of the totally quenched galaxies in our sample have f B/T > 0.4, but on the other hand only a fraction of the galaxies with f B/T > 0.4 are fully quenched.
However, we would like to point out that this agreement doesn't necessarily mean that a massive bulge is a necessary condition, or a driver for star formation quenching. Rather, these results show that the bulge is just a natural byproduct of the evolution process. This can be clearly seen from Figure 14 where deviations of massive galaxies from the 1:1 relation, indicative of inside-out cessation, can happen in all the galaxies with central D n (4000) larger than ∼ 1.4, no matter whether the galaxy has a prominent bulge or not. In fact, the deviation from the 1:1 relation happens quite early when the galaxy is at the star-forming stage without a prominent bulge, and a large bulge-to-total ratio is observed mostly when it is approaching the final stage to become a fully quenched galaxy. If a prominent bulge is a necessary condition for driving the cessation process, the deviation should be observed only in the upper panels of that figure where the galaxies have a large f B/T . For less massive galaxies which may not follow the inside-out cessation process, a large f B/T is unlikely a necessary condition, either, as we do see TQ galaxies in the lower panels with f B/T < 0.4, which are not a negligible population considering the small number of PQ galaxies in both upper and lower panels at low masses.
We conclude that the presence of a central dense object such as a bulge is a byproduct, but not a driving factor of the star formation cessation in local galaxies. It is possible that, when fully grown, the bulge can play some role in finalizing the cessation process, perhaps by suppressing bar formation or even destroying the bar structure in the galactic center which is believed to be the primary driver of the secular evolution. Numerical studies predicted that the central random motions can stabilize the disk against bar formation (Athanassoula & Sellwood 1986; Athanassoula 2008) , and an anti-correlation of bar fraction with central stellar velocity dispersion has been observed for both low-z and high-z galaxies (Das et al. 2008; Sheth et al. 2012; Cervantes-Sodi et al. 2013 ).
CONCLUSIONS
We have investigated the resolved star formation histories of 1917 local galaxies with regular morphology using integral field spectroscopy from the MaNGA MPL5. We have obtained both two-dimensional maps and radial profiles of three parameters, D n (4000), EW(Hδ A ) and EW(Hα), which combine to provide powerful diagnostics of the recent star formation history. Based on the D n (4000) and EW(Hδ A ) maps, we propose a new parameter, f Q (1.5R e ), to quantify the overall star formation status of a galaxy, defined as the stellar mass-weighted fraction of the quenched spaxels within 1.5R e . Accordingly we divide our galaxies into three subsets: fully star-forming (SF, f Q (1.5R e ) < 0.1), partly quenched (PQ, 0.1 ≤ f Q (1.5R e ) < 0.9) and totally quenched (TQ, f Q (1.5R e ) ≥ 0.9). We then study the radial gradients in the SFH diagnostic parameters, comparing the results for the three types and for galaxies with different stellar masses and structural parameters.
Our conclusions can be summarized as follows.
• Less massive galaxies with stellar mass below ∼ 10 10 M ⊙ present no or very weak gradients in all the diagnostic parameters, regardless of the overall star formation status as quantified by f Q (1.5R e ), but the amplitudes of the profiles vary with f Q (1.5R e ), with older stellar populations being more dominant at larger f Q .
• Massive galaxies with stellar mass above ∼ 10 10 M ⊙ present significant gradients in all the three diagnostics if classified as an SF or PQ galaxy, but show weak gradients in both D n (4000) and EW(Hδ A ) and no gradients in EW(Hα) if classified as a TQ galaxy. The observed gradients are stronger with increasing mass.
• The majority of the spaxels of the sample galaxies closely follow the continuous star formation models of Bruzual & Charlot (2003) , regardless of stellar mass and f Q (1.5R e ), indicating that ongoing starbursts are very rare in galaxies with regular morphology.
• Distributions of the SF, PQ and TQ populations on the plane of central D n (4000) versus D n (4000) gradient, or the plane of central D n (4000) versus the D n (4000) at 1.5R e , reveal a critical stellar mass, ∼ 10 10 M ⊙ , above which the star formation cessation in a galaxy happens from inside out. Galaxies tend to evolve synchronously at all radii, before their mass reaches the critical mass.
• The above conclusion holds for galaxies with or without a significant bulge, and for galaxies with spheroid-or disk-like morphologies. This indicates that the presence of a central dense object is not a driving parameter, but rather a byproduct of the star formation cessation process.
The large sample of galaxies with integral field spectroscopy from the ongoing MaNGA survey has enabled us to extensively analyze the radial gradients in the recent SFH of local galaxies and examine the dependence on both stellar mass and structural properties. This has led to the finding of a critical mass, which divides galaxies into two distinct classes following different star formation cessation processes. We would like to emphasize that more work is needed in order to better understand the implications and limitations of our results which are limited to galaxies with regular morphologies. That will be the purpose of the next papers in this series. become old simultaneously for less massive galaxies. However, for massive galaxies, the stellar population in central regions get old first, then extend to larger and larger radii. This confirms our previous result that star formation cessation occurs in inner and outer regions simultaneously for less massive galaxies, while it occurs firstly in galactic centers, then extend to larger and larger radii for massive galaxies.
In the bottom row of panels of Figure 18 , there is a good linear relation between the mass-weighted age at galactic center and 1.5R e radial bins in the logarithmic space in each stellar mass bin. With increasing stellar mass, this relation becomes steeper and steeper and the scatter gets to be smaller and smaller in the logarithmic space. For SF galaxies, mass-weighted stellar ages are significantly larger in galactic center than that of 1.5R e radial bins, especially for massive galaxies (∼ 10.0 Gyr). However, this is not the same case for light-weighted stellar ages. Although some SF galaxies are forming new stars in their centers, there has already been a dominated fraction of old stars formed in the past several Gyrs ago. Compared to their inner regions, the outer regions are dominated by young stars, which reveals an inside-out growth scenario.
We note that the flat metallicity profiles appear to be inconsistent with the previous results in the literature. However, we have verified that this issue is not caused by the MaNGA data itself. For this, we have reproduced Figures 16-18 , using the stellar age and metallicity maps produced by the Pipe3D pipeline (Sánchez et al. 2016a,b) , which are publicly available as a value-added catalog from the SDSS data release 13 at http://www.sdss.org/dr14/manga/mangadata/manga-pipe3d-value-added-catalog/. We find negative metallicity gradients for massive galaxies, consistent with previous results. More importantly, the stellar age gradients are in good agreement with those from STARLIGHT, indicating that the D4000 gradients presented in the main text are not dominated by possible gradients in metallicity.
The D n (4000) gradients for disk dominated regions As proposed in Section 4.3, quenched galaxies are usually found to have massive bulges. One question arises: whether the D n (4000) or stellar age gradients in massive SF and PQ galaxies are mainly due to the combination effect of a old massive bulge and a young stellar disk? To answer this question, we first select galaxies with 0.5R e greater than the bulge size (R bulge ). The bulge size is taken from Simard et al. (2011) . Then we compare the D n (4000) in 0.5R e and in 1.5R e radial bins to figure out whether the gradient in D n (4000) retains or not between 0.5R e and 1.5R e (the bin width is 0.2R e ). For the galaxies we selected, the regions between 0.5R e and 1.5R e are dominated by disk component. Figure 19 shows the D n (4000) 0.5Re vs. D n (4000) 1.5Re plane for galaxies with 0.5R e greater than R bulge . We find that pronounced gradients still exist for massive SF and PQ galaxies even for disk dominated regions, which suggests that the existence of massive bulge is not the only reason for the observed D n (4000) gradients, and disk components also exhibit significant gradients in D n (4000) (or in light-weighted stellar age). -The comparison between mean stellar age at the galactic center and 1.5Re radial bin in 5 stellar mass bins. We present these comparisons by using light-weighted (top panels) and mass-weighted (bottom panels) stellar age, respectively. Colors and symbols are the same as Figure 13 . The black line in each panel is the one-to-one line. For comparison, all galaxies in our sample are plotted as small gray dots in each panel. Fig. 19 .-The Dn(4000) 0.5Re vs. Dn(4000) 1.5Re plane for galaxies with 0.5Re greater than R bulge . We present this figure with separating galaxies into the five stellar mass bins as above. The symbols, colors and lines are the same as those in Figure 14 . The definition of the quenched fraction weighting by r-band flux In the main text, we have introduced a parameter to describe the quenching status for each galaxy, the quenched fraction (f Q,M * ), which is defined as the mass-weighted fraction of spaxels that are quenched within a given galactic radius. Since the stellar masses of individual spaxels are model dependent to some degree, we try to weight the spaxels with r-band flux in defining the quenched fraction (f Q,flux ). The left panel of Figure 20 shows the comparison of f Q,M * (1.5Re) and f Q,flux (1.5Re) for the sample galaxies. As shown, the flux-weighted quenched fraction are in good linear correlation with the mass-weighted quenched fraction. We note that there are many data points in the low-f Q end and high-f Q end, since majority of galaxies are either SF or TQ ones. The right panel of Figure 20 shows the distribution of f Q,M * (1.5Re) and f Q,flux (1.5Re) for the sample galaxies. As shown, the distributions of the two are almost the same. This indicates that using the flux-weighted quenching definition would not change our results. In addition, we present a model independent definition of the quenched fraction weighting by r-band flux, which will be adopted in our following work.
